It is well known that inverter-driven variable-speed compressor (or inverter) air conditioners are more efficient than constant-speed compressor air conditioners. Therefore, most countries have employed part-load assessment test standards such as ISO 16358, EN 14825 and ASHRAE 116 in addition to the conventional ISO 5151 full-load test standard to appropriately evaluate the part-load efficiencies of variable-speed air conditioners. However, many countries in the Middle East and South America still use the ISO 5151 standard owing to policy or high-temperature environmental considerations. In this study, we experimentally verify the energy saving effect of the inverter air conditioner with respect to the constant-speed air conditioner under the Korean climate with distinct temperature changes of four seasons and under the hot climate of Saudi Arabia throughout the year. ISO 5151 defines test conditions for a single temperature, whereas ISO 16358, EN 14825 and ASHRAE 116 simulate seasonal efficiencies using interpolation of several climate test results. Herein, we directly employ the environmental changes during a day or season in a qualified test room with specific dimension. Using extensive regional and seasonal climate data for Saudi Arabia and South Korea, the changes in temperature conditions are applied directly to the outdoor side and appropriate building cooling load conditions are applied to the indoor side of the air-enthalpy-type test room. The energy savings of the inverter air conditioner were analyzed experimentally according to the spatial and temporal temperature changes. The energy reduction effects of the inverter air conditioner largely depended on the temperature and cooling load changes for a day or season. Furthermore, a feasibility study based on an energy simulation showed that the variable-speed air conditioner could be economical even in hot climates.
Introduction
Air conditioners are essential not only in "hot" countries such as Saudi Arabia but also in Korea. In Korea, air conditioners were luxury items until the 1980s, but gradually became popular since the 1990s. Nowadays, they are used in most homes owing to the increased temperatures in summer by climate changes. The energy labelling program of air conditioners started in 1992 in Korea, as energy resources were scarce and the demand for cooling energy in summer was a large portion of the total electricity demand. In particular, the peak power demand management in summer was a big concern every year.
Saudi Arabia is the world's largest oil producer having approximately 20% of the world's oil reserves. Despite the supply of electricity by the abundant oil resources, the Saudi government has been interested in energy conservation owing to the rapid industrialization and population increase in the 2000s. Saudi Arabia's crude oil production is not expected to rapidly increase. In addition, the crude oil exports are expected to decrease with the increases in domestic demand. In this regard, Saudi Arabia has mandated the minimum energy efficiency performance standard for room air conditioners since 2013, as the autonomous Saudi Standards, Metrology, and Quality Organization (SASO) 2663/2007 standard has been amended to an enhanced compulsory SASO 2663/2012 standard [1] .
The energy efficiency regulation of air-conditioners is applied in most countries, not only in these two countries. The definition of energy efficiency of an air conditioner is largely managed by two approaches based on the simple energy efficiency ratio (EER) by International Organization for Standardization (ISO) 5151 and seasonal EER (SEER) by ISO 16358, European (EN) 14825 and ASHRAE 116 [2] [3] [4] [5] . Manufacturers have carried out extensive technological studies to improve the performances of air conditioners. One of the most notable approaches is the compressor technology. A compressor control technology has been developed, which could vary the speed of the compressor in response to a cooling load. It provides a high efficiency of the compressor such as a high efficiency of the compressor motor section, reduction in the mechanical friction of the rotating section, and reduction in the pressure loss of the refrigerant entering and exiting sections. The variable-speed compressor (or inverter compressor) can reduce the operation cost, compared to the constant-speed compressor. In this regard, we need to assess the efficiency of the air conditioner during a part-load operation.
Some countries in the Middle East and South America still prefer to use full-load evaluation methods as the ISO 5151 full-load test is simple and the hot climate in most the seasons requires full operation of the air conditioner. However, the winter period in Saudi Arabia does not require air conditioning; in addition, some months before and after the summer peak require a part-load operation.
Several studies compared performance differences between constant-speed and variable-speed air conditioners. Chen et al. [6] carried out a test in a specific-size real room with an operation start at a pre-heated temperature and evaluated the effects of the product temperature setting and space heat load. Yurtseven et al. [7] studied real office usage circumstances in a relatively long-term power input measurement. Al-tamimi et al. [8] analyzed the thermal performance and energy consumptions of air conditioner devices for two identical houses located in the Dhahran area of Saudi Arabia for one year. Khatri et al. [9] carried out a long-term field test to compare the energy savings of two types of air conditioners in two specific rooms in India. However, these studies did not analyze the performance differences under controlled temperature variations and building cooling load variations in accurately controlled test rooms.
In addition, the performances and economic efficiencies of the air conditioners have been investigated. Wu et al. [10] contributed to the variable air conditioner efficiency standard by monitoring the outdoor temperature distribution and operation time in China. Oropeza-Perez [11] analyzed the economic efficiencies based on several variables such as the set temperature of the air-conditioner in Mexico. Shah et al. [12] carried out a simple payback period analysis according to the efficiency and type of the air conditioner in India.
In this study, we analyze the energy saving effects of inverter and constant-speed air conditioners during the cooling periods in Saudi Arabia and South Korea. People usually think that no difference in energy efficiency between constant-speed and inverter-type air conditioners exists in countries with hot climates such as Saudi Arabia. However, few experimental studies based on dynamic energy simulations of variable air conditioners were carried out. In this study, dynamic energy simulation results are applied to a real-scale environmental test chamber. Using the test results, the energy consumptions are compared and the suitability of the constant and variable-speed air conditioners are analyzed. The energy usage of each air-conditioner under the laboratory environmental conditions is evaluated by simulating the climate of South Korea where the four seasons are evenly distributed and hot climate of Saudi Arabia throughout the year. 
Materials and Methods

Summary of the Experimental Approach
In general, the condenser of the air-conditioner is installed at the outdoor side, while the evaporator is installed at the indoor side of the building, as shown in Figure 1 . As the outdoor and indoor temperatures are not fixed, i.e., they vary with time, the performance of the air conditioner, sensitive to the temperature, changes accordingly. In this regard, a performance test of the air conditioner is carried out in a calorimeter-type or air-enthalpy-type test room (Figure 2) where the temperature environment is exactly controlled according to the ISO 5151 standard.
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In order to measure the energy consumption in each case (constant and variable-speed air conditioners), the outdoor temperature changes (T out (t)) and indoor cooling load changes (q build (t)) were applied in the air-enthalpy test room shown in Figure 2 . The outdoor temperature data were applied for the capital cities of Saudi Arabia and South Korea during the cooling season, while the cooling load data were obtained by TRNSYS modeling.
As the latent heat in the cooling load cannot be easily experimentally controlled according to the time, the latent heat was included in the sensible heat. The cooling load was simulated by a heater, which could be easily controlled and had a quick response.
Air-Enthalpy-Type Test Room Specifications
The Korea/International Laboratory Accreditation Cooperation (ILAC) accredited facility following the ISO 5151 standard was used as the air-enthalpy test room ( Figure 3 ). The maximum cooling capacity that could be measured was 18,600 W. The inner dimensions (W × D × H) of the outdoor and indoor rooms were 4.1 m × 4.8 m × 3.6 m and 5.7 m × 4.8 m × 3.6 m, respectively. H included an upper airflow passage above the punched ceiling. The walls of the test room were 75 mm poly-urethane panels. The main instruments were shown in Table 1 .
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Heat Balance Evaluation of the Air-Enthalpy-Type Test Room under the Steady State
In order to experimentally implement qbuild(t), it was necessary to evaluate the heating components affecting the both inside and outside of the test room. As shown in Figure 2 , the heat generation element in the test room was not only the heater, but also the turbo, air handling unit (AHU) and air sampler fans. In addition, heat penetration from the outside of the test room wall existed. The heat balance of the test room was compared between the heating components in each configuration and cooling capacity of the air conditioner.
Based on the measurement for each component, the total heat generation was compared with the tested cooling capacity of the air conditioner, as shown in Table 2 , under the steady state before the time-dependent simulation tests. In order to experimentally implement q build (t), it was necessary to evaluate the heating components affecting the both inside and outside of the test room. As shown in Figure 2 , the heat generation element in the test room was not only the heater, but also the turbo, air handling unit (AHU) and air sampler fans. In addition, heat penetration from the outside of the test room wall existed. The heat balance of the test room was compared between the heating components in each configuration and cooling capacity of the air conditioner. Based on the measurement for each component, the total heat generation was compared with the tested cooling capacity of the air conditioner, as shown in Table 2 , under the steady state before the time-dependent simulation tests. During the simulation test described below, the variable components such as the heater, AHU fan and turbo fan were measured in real time with a power meter. By adjusting the power consumption of each component affecting the cooling load in real time, the time-variant building cooling load could be provided in the indoor side of the test room.
Climates in Korea and Saudi Arabia
Korea is located in the mid-latitude temperate climatic zone; the four seasons, spring, summer, fall, and winter are conspicuous. In winter (December-February), it is cold and dry under the influence of the continental air from northern China and Siberia. In summer (June-August), hot and humid weather is observed, attributed to the Pacific atmospheric pressure. In spring (March-May) and autumn (September-November), many sunny days are observed owing to the influence of the migratory anticyclone.
The climate of Saudi Arabia is characterized by high temperatures during the day and low temperatures during the night. Most of the country follows the pattern of the desert climate, except the southwest region having a semi-arid climate [13] . Table 3 shows the distributions of the monthly temperatures in Seoul and Riyadh, the capital cities of South Korea and Saudi Arabia, respectively [14, 15] . In Seoul and Riyadh, the cooling seasons are June-September and March-November, respectively. In both cities, continuous air conditioning is not required for all the cooling periods. In Seoul, the air conditioners operate intermittently throughout the cooling period. In Riyadh, the air conditioners operate intermittently in March, April, September, October and November. 
Summary of Energy Simulations for the Building Coolong Load
The TRNSYS program (version 17) was used to obtain the building cooling load for the cooling periods. We applied the meteorological data of Seoul and Riyadh for several years embedded in the TRNSYS program. TRNSYS (TRaNsient SYSTem Simulation), which is widely used as a building load calculation program, was developed by SEL (Solar Energy Lab) of University of Wisconsin, USA. The calculation algorithm of building load in TRNSYS is based on ISO 13790 and ISO 7730. Simulation for estimating the heating and cooling load on the building was performed through type 56. A multi-zone building analysis module of the TRNSYS program. Multi-zone module includes building properties such as geometric dimensions and wall configuration data and windows. In this module, the heat transfer by conduction, convection and radiation, heat gains were calculated considering the presence of occupants and equipment, and the storage of heat in the room air and building mass. Furthermore, it is possible for the temperature, solar radiation, bearing etc. to multi-zone module by applying a Meteonorm climate (for 20 years average temperature). Based on the transfer function method, a dynamic thermal energy analysis was performed in consideration of various types of complex heat gain occurring in space and associated radiation, convection, heat storage and heat dissipation of equipment [16, 17] . The TRNSYS energy rate control method was used to analyze the seasonal building cooling load. Modules of type 15-2, type 56, TRNSYS three-dimensional (3D) plugin and Google SketchUp were utilized. We set a single zone of the same size in Seoul and Riyadh; however, the size of the window was set according to each country ( Figure 4 ). The architectural style changes according to the life and environment aspect, and various studies are being conducted on this [18, 19] . However, the comparison in the form of the same building is likely to be suitable for comparing the energy consumption by the type of air conditioner of this study. The Saudi households typically use small windows to block direct solar radiation. The properties of glass and wall materials were applied by referring to the Korea's architectural regulation notice and Saudi's paper [20, 21] . The room temperature in the TRNSYS simulation was set to 26 • C, which was the same as the air-conditioner temperature setting during the experiment. The recommended room temperature is different for each country. In the case of Korea, 26 • C is recommended according to the "Ministry of Land, Infrastructure and Transport", and 23-25 • C are recommended according to the government guidelines in Saudi Arabia. For an equal comparison, we set the temperature as 26 • C in this study [20, 22] .
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According to ISO 7730, heat from the human body under light work circumstance is 65 W for sensible heat and 55 W for a latent per person [23] .
The building components for the TRNSYS simulation in Seoul and Riyadh are summarized in Table 4 . According to ISO 7730, heat from the human body under light work circumstance is 65 W for sensible heat and 55 W for a latent per person [23] .
Specifications of the Compared Air Conditioners
The building components for the TRNSYS simulation in Seoul and Riyadh are summarized in Table 4 . 
For the comparison test of constant and variable-speed air conditioners in the test room, products with similar specifications were selected ( Table 5 ). The two products had similar capacities, power inputs and EERs with relative differences within 5%. The purpose of this study was to evaluate the energy saving effects of the variable-speed air conditioner in real climate conditions even though the specifications were similar to those of the constant-speed air conditioner. To operate under the Korean and hot Saudi Arabian climates, hot-climate (T3) air conditioners were employed. 
Results
Simulation Results
Before the experiments with the constant and variable-speed (inverter) air conditioners, TRNSYS simulations were carried out for building cooling loads under Seoul and Riyadh temperature conditions (Figures 5b and 6b) . As the TRNSYS program contained long-term data (more than 10 years), it seemed that the recent temperature increase owing to global warming is buried in Figures 5a and 6a . Therefore, it seemed that 1-3 • C were underestimated compared with the climate felt nowadays. The building cooling loads of Seoul and Riyadh have maximum values of approximately 4000 W in August. The two cities have similar maximum building loads as the humidity in summer is very low in Riyadh and very high in Seoul. temperature conditions (Figures 5b and 6b) . As the TRNSYS program contained long-term data (more than 10 years), it seemed that the recent temperature increase owing to global warming is buried in Figures 5a and 6a . Therefore, it seemed that 1-3 °C were underestimated compared with the climate felt nowadays. The building cooling loads of Seoul and Riyadh have maximum values of approximately 4000 W in August. The two cities have similar maximum building loads as the humidity in summer is very low in Riyadh and very high in Seoul. 
Experimental Results
Figures 7-9 show experimental results for comparison of the constant-speed and inverter air conditioners. The indoor building loads and outdoor temperatures were consistent with the TRNSYS simulation results (circle points and rectangular in the figures). The indoor building loads were experimentally implemented through the heater at the upper end of the AHU, as shown in Figure 2 , where the powers of other heating elements (e.g., AHU and turbo fans) in the indoor side were simultaneously measured and the test was controlled by the AHU heater. The dotted lines with small oscillations represented the indoor room temperature which varied in the range of 26.0 ± 1.5 °C as the test product temperature was set at 26 °C. Both the constant-speed and inverter air conditioners were automatically operated during the experiments and only the indoor building load and outdoor temperature were applied according to the TRNSYS simulation results.
The largest difference in the graph is the variation in the power input. The constant-speed air conditioner exhibited simple on/off control whereas the inverter (variable speed) air conditioner exhibited changes corresponding to the building load or outdoor temperature. In the case of the inverter air conditioner in Riyadh, the power input in May was highly activated during the daytime (12-19 h), whereas it was activated at any time in August. In the hottest season (August) in Riyadh and Seoul, the building loads were similar under the considered simulation conditions (Section 3.1). 
Figures 7-9 show experimental results for comparison of the constant-speed and inverter air conditioners. The indoor building loads and outdoor temperatures were consistent with the TRNSYS simulation results (circle points and rectangular in the figures). The indoor building loads were experimentally implemented through the heater at the upper end of the AHU, as shown in Figure 2 , where the powers of other heating elements (e.g., AHU and turbo fans) in the indoor side were simultaneously measured and the test was controlled by the AHU heater. The dotted lines with small oscillations represented the indoor room temperature which varied in the range of 26.0 ± 1.5 • C as the test product temperature was set at 26 • C. Both the constant-speed and inverter air conditioners were automatically operated during the experiments and only the indoor building load and outdoor temperature were applied according to the TRNSYS simulation results. However the power variations were different owing to the outdoor temperature differences. Although the building cooling loads were similar in this study, the outdoor temperature in Saudi Arabia was significantly higher than that in Korea. Usually, the outdoor unit of the air conditioner was affected by the dry-bulb temperature rather than by the wet-bulb temperature in the outdoor test room during the cooling test in which no condensation on the outdoor unit heat exchanger was observed.
The power inputs in the above graph could be averaged to obtain the daily average power consumption. Table 6 shows the monthly power consumption, obtained by multiplying 30 (days) with the daily average power consumption. During the cooling seasons of Seoul (four months) and Riyadh However the power variations were different owing to the outdoor temperature differences. Although the building cooling loads were similar in this study, the outdoor temperature in Saudi Arabia was significantly higher than that in Korea. Usually, the outdoor unit of the air conditioner was affected by the dry-bulb temperature rather than by the wet-bulb temperature in the outdoor test room during the cooling test in which no condensation on the outdoor unit heat exchanger was observed.
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However the power variations were different owing to the outdoor temperature differences. Although the building cooling loads were similar in this study, the outdoor temperature in Saudi Arabia was significantly higher than that in Korea. Usually, the outdoor unit of the air conditioner was affected by the dry-bulb temperature rather than by the wet-bulb temperature in the outdoor test room during the cooling test in which no condensation on the outdoor unit heat exchanger was observed.
The power inputs in the above graph could be averaged to obtain the daily average power consumption. Table 6 shows the monthly power consumption, obtained by multiplying 30 (days) with the daily average power consumption. During the cooling seasons of Seoul (four months) and Riyadh (nine months), the monthly power consumptions of the constant-and variable-speed air conditioners were compared (Figures 10 and 11 ). Considering the air conditioners' specifications in Table 5 , the variable-speed air conditioner had a higher EER than that of the constant-speed air conditioner by approximately 5%. Therefore, the relative difference was subtracted by -5% in Table 6 . In Riyadh, the variable-speed air conditioner has a smaller energy consumption by 18.3% in August and 47.1% in November. This implies that the variable-speed air conditioner provides a higher energy saving than that of the constant-speed air conditioner in the part-load condition. Seoul in August is less hot than Riyadh (Figures 5a and 6a) , which leads to a larger energy saving (36.3%) of the variable-speed air conditioner. In Saudi Arabia and Korea, total inverter energy savings of 28.9% and 44.5% were achieved during the cooling season, respectively. These results were very similar to those in the study for Istanbul and Saudi Arabia, where energy savings of 11-38% and 22-50%, respectively, were obtained for an inverter air conditioner in a real office usage [6, 8] . 28.9% and 44.5% were achieved during the cooling season, respectively. These results were very similar to those in the study for Istanbul and Saudi Arabia, where energy savings of 11-38% and 22-50%, respectively, were obtained for an inverter air conditioner in a real office usage [6, 8] . 
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Economic Analysis
In Korea, most of the household air conditioners in the market are inverters and the actual operation time is supposed to be remarkably different from the test condition. As the electricity rates in Korea are high, the conditioners do not operate during the whole day, but only when it is very hot. However, we carried out an economic analysis in both countries. The results of the economic analysis were based on the experimental results.
Based on a simple payback period analysis, the initial investment and running costs were calculated to compare the economic benefits of the different types of air conditioners.
The initial investment cost was the average price of an 18,000 British-thermal-unit (BTU)/h air conditioner sold in Korea and in Saudi Arabia; the annual operation cost was calculated based on 
The initial investment cost was the average price of an 18,000 British-thermal-unit (BTU)/h air conditioner sold in Korea and in Saudi Arabia; the annual operation cost was calculated based on the monthly power consumption (Tables 7 and 8 ). To calculate the annual operation cost, electricity rates proposed by the power authorities of both countries were employed [24, 25] . The results of the economic analysis for both types (constant, variable) of air conditioners are shown in Figure 12 .
